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Diversity-generating retroelements (DGRs) are the
only known source ofmassive protein sequence vari-
ation in prokaryotes. These elements transfer coding
information from a template region (TR) through an
RNA intermediate to a protein-encoding variable
region. This retrohoming process is accompanied
by unique adenine-specific mutagenesis and, in the
prototypical BPP-1 DGR, requires a reverse tran-
scriptase (bRT) and an accessory variability determi-
nant (bAvd) protein. To understand the role of bAvd,
we determined its 2.69 A˚ resolution structure, which
revealed a highly positively charged pentameric
barrel. In accordance with its charge, bAvd bound
both DNA and RNA, albeit without a discernable
sequence preference. We found that the coding
sequence of bAvd functioned as part of TR but iden-
tified means to mutate bAvd without affecting TR.
This mutational analysis revealed a strict correspon-
dence between retrohoming and interaction of bAvd
with bRT, suggesting that the bRT-bAvd complex is
important for DGR retrohoming.
INTRODUCTION
Diversity-generating retroelements (DGRs) are the only known
source of massive protein sequence variation in the prokaryotic
world (Doulatov et al., 2004; Liu et al., 2002; Minot et al., 2012;
Schillinger et al., 2012). Remarkably, these elements supply
a magnitude of variation that exceeds by about 10,000-fold
that which was found in the vertebrate adaptive immune system
(Le Coq and Ghosh, 2011). A large number of DGRs have been
identified in diverse bacterial and phage genomes (Doulatov
et al., 2004; Minot et al., 2012; Schillinger et al., 2012), with the
Bordetella bacteriophage BPP-1 DGR being the most exten-
sively characterized (Liu et al., 2002, 2004). The biological role
of this DGR is to provide the phage with the capacity to adapt
to Bordetella. Massive sequence variation occurs in the phage’s
receptor-binding protein Mtd, which is encoded by the DGR.266 Structure 21, 266–276, February 5, 2013 ª2013 Elsevier Ltd All rVariation in Mtd results in the emergence of diverse receptor-
binding specificities, which makes it possible for the phage to
infect via new receptors as old receptors stop being expressed
due to changes in Bordetella gene expression patterns (Liu
et al., 2002). The biological functions of other DGRs remain to
be determined, but it seems likely that they too will provide
a mechanism for adapting to an unpredictable host, environ-
ment, or both.
DGRs have a unique mode of sequence variation, in which
mutagenesis is targeted specifically to adenines. This occurs
during homing of sequence information from a template region
(TR; 140 base pairs [bp]) through an RNA intermediate (i.e.,
retrohoming) to a variable region (VR; 140 bp) (Figure 1A)
(Doulatov et al., 2004; Guo et al., 2008, 2011; Liu et al., 2002;
McMahon et al., 2005). The TR serves as an invariant master
copy of sequence information, while the VR is homologous to
the TR and forms part of the coding sequence of the variable
protein (e.g., Mtd). At some point in this process, adenines
encoded in the TR are replaced randomly in the VR (Liu et al.,
2002). This pattern of replacement focuses mutagenesis to
adenine-containing codons in the TR, most typically AAY (Y =
C or T) (Liu et al., 2002; Minot et al., 2012; Schillinger et al.,
2012). As previously noted, adenine-specific mutagenesis of
AAY results in substitutions that cover the gamut of chemistry
and preclude a stop codon (McMahon et al., 2005). In Mtd,
adenine-containing codons map to its receptor-binding site,
and the corresponding amino acids are directly involved in
receptor contacts (Miller et al., 2008). A similar mapping has
been observed for the Treponema denticola DGR variable
protein TvpA (Le Coq and Ghosh, 2011).
DGRs have several components that are required for
mutagenic retrohoming. Of primary importance is a reverse
transcriptase (RT) that belongs to its own distinctive clade of
RTs (Doulatov et al., 2004; Liu et al., 2002; Minot et al., 2012;
Schillinger et al., 2012), consistent with DGRs having a unique
mode of sequence variation. The catalytic activity of the BPP-1
DGR RT (bRT) is essential to retrohoming (Doulatov et al.,
2004; Liu et al., 2002) and is likely to be partially or wholly respon-
sible for adenine-specific errors during reverse transcription of
an RNA containing the TR. It is not yet evident how the
reverse-transcribed copy of the TR homes to the VR, although
target-primed reverse transcription, as proposed for group IIights reserved
Figure 1. Mutagenic Retrohoming
(A) Information transfer from the TR to the VR via mutagenic retrohoming.
Functional elements at the 30 ends of the VR and TR. Blue circles, the GC-only
sequence; red and green diamonds, the IMH and IMH* elements, respectively.
The hairpin/cruciform structure following the VR is shown as well.
(B) Target-primed reverse transcription. Cleavage of the VR lower strand in the
GC-only sequence would enable that strand to act as a primer for reverse
transcription by bRT, with an RNA containing the TR acting as a template.
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Structure and Interaction of bAvdintrons, is a reasonable model (Guo et al., 2008; Zimmerly et al.,
1995) (Figure 1B). This is because group II introns RTs are the
closest evolutionary neighbors to DGR RTs (Doulatov et al.,
2004; Liu et al., 2002; Minot et al., 2012).
In addition to bRT, there are four other elements of the BPP-1
DGR involved in retrohoming. The first three of these are nucleic
acid elements (Doulatov et al., 2004; Liu et al., 2002). The first is
a 14-base GC-only region found near the 30 end of the VR (Fig-
ure 1A). This is the site at which mutagenized sequence informa-
tion from the TR is incorporated into the VR (Guo et al., 2008).
The second is found in both the VR and the TR and consists of
the initiation of mutagenic homing (IMH) element (21 bases) in
the VR and a nearly identical IMH* element in the TR (21 bases,
five mismatches with IMH; asterisk serves to distinguish this
element from the IMH element in the VR). These elements are
immediately downstream of the GC-only sequence and set the
unidirectionality of sequence information transfer from the TR
to the VR (Doulatov et al., 2004). The third occurs just after the
VR and consists of a 24-bp region containing an inverted repeat
capable of forming a hairpin/cruciform structure (Guo et al.,
2011). This structure is required for efficient retrohoming. Disrup-
tion of the stem structure or loop sequence leads to an 1,000-
fold decrease in retrohoming (Guo et al., 2011).
The fourth element is the BPP-1 accessory variability determi-
nant (bAvd, 128 amino acids, 14.5 kDa; formerly called Atd),
a protein encoded immediately upstream of the TR (Doulatov
et al., 2004) (Figure 1A). bAvd is essential to retrohoming, and
bAvd-like proteins are encoded by most DGRs (Doulatov et al.,
2004), but the role of these proteins is unknown. Members of
the DGR Avd protein family are similar in sequence to S23 ribo-
somal and S23 ribosomal-like proteins, which are encoded as
intervening sequences within S23 ribosomal RNA (rRNA) genes
in the case of the former and elsewhere in the genome in theStructure 21, 26case of the latter (Pronk and Sanderson, 2001; Ralph
and McClelland, 1993). These sequence similarities are, how-
ever, not illuminating as the functions of S23 ribosomal and
ribosomal-like proteins are not known.
To understand the role of bAvd in mutagenic retrohoming, we
first determined its structure, which revealed a highly positively
charged pentameric barrel. It is not surprising, given its surface
characteristics, that bAvd bound nucleic acids, albeit without ex-
hibiting a sequence preference. We also found that the coding
sequence of bAvd functions as a part of TR but identified means
to carry out mutational analysis of bAvd without affecting TR.
This analysis revealed that two bAvd residues that are conserved
in the DGR Avd family and contiguous on the surface of bAvd are
essential to retrohoming. Significantly, these same two residues
were also required for association between bAvd and bRT. We
observed a strict correspondence between retrohoming and
bRT-bAvd interaction, suggesting that the bRT-bAvd complex
is important for DGR retrohoming.
RESULTS
bAvd was expressed in Escherichia coli as inclusion bodies, re-
folded, and purified. A selenomethionine-labeled form of the
protein was crystallized, and its structure was determined to
a 2.69 A˚ resolution (Table 1). The entirety of bAvd was visible
and unambiguously traced, except for several disordered N-
and C-terminal residues. The structure revealed a pentameric,
barrel-shaped assembly, with one end narrower than the other
(Figure 2). The pentamer is positively charged on all surfaces,
including an hourglass-shaped pore that runs through the center
of the barrel and constricts to an 8 A˚ diameter. A molecule is
bound within the center of the pore, most proximal to Glu43 (Fig-
ure S1 available online). This bound molecule was modeled as
a phosphate ion and appears to have copurified with bAvd.
Each bAvd protomer consists of an up-and-down four-helix
bundle (Figure 3A). Helices a1 and a2, which are nearly parallel
to one another, are at a 20 angle to helices a3 and a4, which
are also nearly parallel to one another. The 20 crossing angle
is typical of four-helix bundles (Kamtekar and Hecht, 1995). Helix
a2 predominantly forms the lining of the pore, along with some of
helix a3, while helices a1 and a4 form the outer surface of the
barrel, along with some of a3 (Figure 2C). The five protomers
are nearly identical in structure (root-mean-square deviation
[rmsd] = 0.305 A˚, 106Ca), except for the loop regions connecting
the a3 and a4 helices. Each protomer buries an average of
1,380 A˚2 of the surface area at the interprotomer interfaces.
Slightly more than half of this surface area is composed of hydro-
phobic residues (Figure 3B), consistent with the observed
stability of the pentamer. While members of the DGR Avd protein
family have limited sequence identity to bAvd (ranging from
12% to 25%), the residues responsible for interprotomer
hydrophobic interactions are, in large part, conserved in chemi-
cal character (I24, V40, A41, M44, I57, and I88 conserved on
average in >90% of DGR Avd proteins, and V17, L50, M77,
and F80 in >67%) (Figure S2). This trend is also true for the resi-
dues that form the hydrophobic core in each protomer. This
conservation pattern indicates that DGR Avd family members
are likely to form pentameric barrel-like assemblies com-
posed of four-helix bundles in the same manner as bAvd. The6–276, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 267
Table 1. Crystallographic Statistics for SeMet-bAvd
Data Collection
Space group P21
Cell Dimensions
a, b, c (A˚) 54.3, 63.1, 105.3
b () 103.8
Wavelength (A˚) Peak:
0.97941
Inflection:
0.97950
Remote:
0.97630
Resolution
limit (A˚)a
2.51
(2.55–2.51)
2.51
(2.55–2.51)
2.69
(2.75–2.69)
Rmerge (%)
a 12.1 (55.5) 12.0 (62.5) 9.3 (29.1)
(I/sI)
a 3.5 (2.6) 3.0 (2.7) 3.4 (0.9)
Completenessa 87.9 (58.0) 86.7 (57.3) 92.3 (83.4)
Redundancya 3.6 (2.9) 3.6 (2.6) 3.7 (3.5)
Refinement
Resolution (A˚)a 42.91–2.69 (2.79–2.69)
Unique reflections
(Bijvoetsb merged/
Bijvoets separate)
18,916/36,535
Rwork/Rfree (%)
a
(Bijvoets merged)
19.23/24.45 (23.82/31.77)
Rwork/Rfree (%)
a
(Bijvoets separate)
19.44/24.39 (24.81/33.18)
No. of Atoms
Protein 4,328
H2O 61
PO4
3 5
Mean B factors (A˚2)
Protein
Main chain 57.87
Side chain 58.57
H2O 49.04
PO4
3 79.87
rmsd
Bond lengths (A˚) 0.009
Bond angles () 1.169
Ramachandran Plot
Favored 96.6% of residues
Generously allowed 100% of residues
Molprobity score
Overall 2.27 (94th percentile)
Clashscore 10.56 (98th percentile)
rmsd, root-mean-square deviation.
aData for the highest resolution shell are indicated in parentheses.
bBijvoet is a standard crystallographic designation for a set of reflections
that differ from another set due to anomalous scattering.
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Structure and Interaction of bAvdhydrophobic interactions in bAvd are supplemented by a small
number of polar interactions: a hydrogen bond (Y28 with H38)
and salt bridges (E21 with R83, and K61 with D72) between
side-chain atoms (Figure 3C). These are not well conserved
within the DGR Avd protein family and, hence, less likely to be
important for pentamer assembly as compared to the hydro-
phobic residues.268 Structure 21, 266–276, February 5, 2013 ª2013 Elsevier Ltd All rThe structure of bAvd is similar to those of two S23 ribosomal-
like proteins, Xanthomonas campestris Xcc0516 and Bacteri-
odes thetaiotamicron B.t_0352. Despite sharing only 13% and
16% sequence identity, respectively, with bAvd, both Xcc0516
(rmsd = 1.7 A˚, 107 Ca, Z = 15.3) and B.t_0352 (rmsd = 2.1 A˚,
102 Ca, Z = 13) closely resemble bAvd in forming up-and-
down four-helix bundles that assemble into barrel-shaped pen-
tamers (Figures 2 and S3A) (Lin et al., 2006). The residues in
bAvd that form the hydrophobic interprotomer interface (I24,
V40, I57, and I88) and the hydrophobic core are well conserved
in chemical character in these S23 ribosomal-like proteins
(Figure S2B). Notably, however, neither molecule has the highly
basic surface that bAvd does (Figures 2 and S3B).
Patterns of Conservation
To identify bAvd residues that may be important for mutagenic
retrohoming, we mapped sequence conservation within the
DGR Avd family to the structure of bAvd (Figures 4 and S2).
Most of the conserved residues are at the interprotomer inter-
face or buried within the protein core (Figure S2, circles and
squares). Only a few residues are both highly conserved and
surface exposed. The latter include three residues on the side
of the barrel: bAvd R19 on the a1 helix, and R79 and R83 on
the a3 helix (Figure 4). The narrow end of the barrel has two
conserved residues, P35 and R36, which are on the loop con-
necting a1 and a2. We selected all of these residues for muta-
genesis, along with Lys37 on the same loop. Lys37 was included
because, in certain sequence alignments, Lys37 aligns with
a highly conserved set of arginines and lysines (at the position
of bAvd Gly39; Figure S2A). We also targeted Q64, which is
the only conserved residue at the wide end of the barrel; this
residue is on the loop between a3 and a4. The interior pore
of the barrel contains no highly conserved residues and is
thus less likely to be functionally significant. Nevertheless, we
selected E43 within the pore of the barrel for mutagenesis, as
this residue is closest to the modeled phosphate ion (Figure S1).
The Coding Sequence of bAvd Has Dual Functions
The coding sequence of bAvd is immediately adjacent to the TR
(Figure 1A). To determine whether these functional elements
overlap, we turned to a previously described system in which
the acquisition of kanamycin resistance serves as a reporter
for DGR-mediated retrohoming (Guo et al., 2011). In this system,
the VR is located on a phage lysogen (i.e., BPP1-DATR*KanS)
and encodes a nonfunctional aph30Ia kanamycin resistance
allele (lacking six C-terminal residues) (Figure 5A). The TR is
located on a plasmid (i.e., pMX-Km1) and encodes residues of
aph30Ia missing in the VR. This plasmid also supplies avd and
brt, which bracket the TR. Transfer of sequence information
through DGR-mediated retrohoming from the TR to the VR
results in restoration of the missing amino acids in aph30Ia and,
hence, kanamycin resistance (Guo et al., 2011). Mutagenesis is
assessed separately by sequencing the VR of kanamycin resis-
tant colonies.
Using this system, we asked whether a deletion of avd that
eliminated all but 48 bp of its 30 end (pMX-Davd) could be com-
plemented by intact avd supplied on a second plasmid (i.e.,
pFHA-avd). We observed very poor complementation. The
retrohoming frequency of Davd (Figure 5B, 8.6 3 1010) wasights reserved
Figure 2. bAvd Structure
(A) bAvd pentamer in ribbon representation, with
each protomer colored differently.
(B) Cross-section of the bAvd barrel in molecular
surface representation, colored by the electro-
static potential, ranging from10 kT/e (red) to +10
kT/e (blue).
(C) Narrow end of the bAvd barrel in ribbon
representation. (D) Narrow end of the bAvd barrel
colored according to electrostatic potential, in
molecular surface representation, as in (B).
See also Figures S1 and S3.
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Structure and Interaction of bAvd430-fold lower than that of wild-type avd (3.73 107, Km1) but
9-fold higher than the detection limit of the assay. This latter
value was set by the expression of a catalytically inactive version
of brt (Figure 5B, pMX-Km1RT, 7.5 3 1011), which eliminates
retrohoming completely (Guo et al., 2011). The VRs frommultiple
kanamycin-resistant clones of Davd were sequenced and found
to have adenine-specific mutations (Table S1), confirming that
the low retrohoming activity detected in Davd was indeed DGR
mediated.
Smaller deletions of avdwere next constructed. Deletions that
left 53, 76, and 115 bp of the 30 avd coding sequence had retro-
homing frequencies ranging from 500 to 1,400-fold lower
than that with intact avd (Figure 5B; 2.6 3 1010 to 6.6 3
1010). However, a deletion that left 200 bp of the 30 end of avd
had a retrohoming frequency 35-fold lower than that of wild-
type (i.e., 1.1 3 108), and one that left 300 bp of the 30 end of
avd (T + 300) had a homing frequency nearly equal to that of
wild-type (Figure 5B, 1.6 3 107). We conclude from these
experiments that a portion of avd functions as part of the TR.
Most important, these experiments show that it is possible to
produce a functional bAvd in trans to the TR and brt, thus
enabling mutagenesis of bAvd without affecting the TR.
bAvd R79 and R83 Are Essential for DGR Retrohoming
Alanine substitutions of the conserved, surface-exposed bAvd
residues identified earlier (Figure 4) were introduced into the
copy of avd on pFHA-avd. These were expressed along
with pMX-T + 300, which does not support retrohoming inStructure 21, 266–276, February 5, 2013the absence of avd in trans (Fig-
ure 5C, bAvd). Substitutions of R19,
E43, and Q64 had no effect on retrohom-
ing (Figure 5C). This was also true of P35,
which is conserved in almost all Avd
family members (Figure S2A). In contrast,
alanine substitutions of R79 or R83,
which are also conserved in almost all
Avd family members, resulted in com-
plete loss of retrohoming (<7.1 3 1011
and < 6.4 3 1011, respectively) (Fig-
ure 5C). Substitutions of R36 and K37 re-
sulted in a partial retrohoming defect,
24- and 17-fold lower, respectively,
than that of wild-type (Figure 5C). We
verified that bAvdwas produced at equiv-
alent levels in these mutant strains bya western blot visualization of a His-tag incorporated at the
C terminus of bAvd (Figure 5C). The VRs from seven to eight
independent clones of bAvd mutants that retained retrohoming
activity (i.e., R19, P35, R36, K37, E43, and Q64) were
sequenced, and normal levels of adenine-specific mutagenesis
were found (Table S1). This last result indicates that mutagenesis
was not affected by a partial loss in bAvd activity.
We next assessed whether the substitutions that resulted in
loss of retrohoming activity had affected protein structure and
stability. Along with the functionally deficient bAvd R36A,
K37A, R79A, and R83A mutants, we also followed up on the fully
functional P35Amutant as a control. Thesemutant proteins were
produced in E. coli, refolded, and purified as for wild-type bAvd.
The circular dichroism (CD) spectra of these proteins were
similar to that of wild-type bAvd at both 4C and 37C, demon-
strating conservation of structure, and unchanged between
4C and 37C, demonstrating conservation of stability (Fig-
ure 5D). These results suggest that the defects in retrohoming
are not due to altered protein structure or stability but instead
are attributable to a functional cause.
Nucleic Acid Binding
The highly basic surface of bAvd drew our attention to the possi-
bility that it interacted with nucleic acids. To assess this, we
examined the association of bAvd with a number of nucleic
acid substrates. We started with a single-stranded (ss) RNA
(65 bases, sense strand) containing the GC-only and IMH*
elements from the TR (Table S2). Complex formation betweenª2013 Elsevier Ltd All rights reserved 269
Figure 3. Four Helix Bundle and Pentameric
Interface
(A) A bAvd protomer in cartoon representation
(N terminus to C terminus, blue to red in rainbow
coloring). Helices a1 and a2 are at a 20 angle to
helices a3 and a4.
(B) Hydrophobic residues buried in the interpro-
tomer interface.
(C) Hydrogen bonding between protomers.
See also Figure S2.
Structure
Structure and Interaction of bAvdbAvd and this RNA was evaluated by an electrophoretic mobility
shift assay (EMSA), with the nucleic acid being visualized by
ethidium bromide staining. A small but detectable amount of
the RNA was shifted by 0.1–0.2 mM pentameric bAvd; the RNA
became aggregated and remained in the wells of the gel
at R1 mM bAvd (Figure 6A, top). A similar result was found
when bAvd was incubated with a ssDNA (64 bases, antisense
strand) that corresponded to the VR and contained the GC-only
sequence, the IMH element, and the hairpin/cruciform sequence
(Figure 6A).
When bAvd was incubated with a double-stranded (ds)
heteroduplex formed by the aforementioned sense ssRNA and
antisense ssDNA, complex formation with bAvd was more
clearly evident at 0.1 mM bAvd (Figure 6A). The greater band
intensity here may have been due to the better ethidium bromide
signal for ds as opposed to ss substrates. This enhancement
was not limited to an RNA:DNA heteroduplex, as a more
intensely stained shifted band was also evident with dsDNA (Fig-
ure 6A). This dsDNA, which consisted of the VR DNA sense and
antisense strands, contained the hairpin/cruciform sequence.
However, because it was unlikely that a linear DNA duplex would
form such a structure, we engineered a version of the sequence
to promote hairpin/cruciform formation. For this, the order of the
stemwas swapped such that intra- but not interstrand base pair-
ing would occur. Once again, a more intensely stained shifted
band was evident at 0.1 mM Avd (Figure 6a top, cruci-DNA).
We repeated these experimentswith RNAandDNAcomposed
of sequences unrelated to DGRs and found the same pattern of
roughly micromolar or submicromolar interactions (Figure 6A,
bottom). In the case of the hairpin/cruciform dsDNA, a substrate
with a nonfunctional loop sequence was used (Guo et al., 2011)
but gave results similar to those given with the functional
sequence. These results indicate that the interactions of bAvd
with ssRNA, ssDNA, RNA:DNA, and dsDNA are apparently
sequence independent. We also examined the retrohoming
defective bAvd R83Amutant and found that it retained the ability
to bind nucleic acids just like wild-type bAvd (Figure S4A).
Interaction with bRT
We next asked whether bAvd associated with bRT. For this
experiment, we used bRT D138Q, a mutant that was fortuitously270 Structure 21, 266–276, February 5, 2013 ª2013 Elsevier Ltd All rights reservedfound to be more stable than wild-type
bRT and, hence, more amenable to
binding experiments. Based on sequence
similarities to HIV RT, D138 is predicted to
be positioned at the catalytic site of bRT,
as one of three predicted catalytic aspar-tates (along with D215 and D216). bRT D138Q was found to
maintain approximately one fifth of the catalytic activity of wild-
type bRT, with the background of the assay being set by the
catalytically inactive bRT (SMAA) mutant (Figures S4B and
S4C) (Liu et al., 2002). We found that wild-type bAvd indeed
associated with His-tagged bRT D138Q (Figures 6B and S4D).
Both bAvd and bRT are highly positively charged proteins (with
calculated isoelectric points [pIs] of 9.5) and therefore unlikely
to associate by nonspecific means. Purified bAvd and bRT
were verified by absorbance measurements to be devoid of
associated nucleic acids (data not shown), which might other-
wise bridge the interaction between the two. However, the
best evidence for specificity in this interaction was the observa-
tion that the two functionally defective bAvd mutants, R79A and
R83A, failed to associate with His-bRT D138Q (Figure 6B). In
contrast, the fully functional P35A mutant associated with His-
bRT D138Q, as did the two partially functional mutants R36A
and K37A. The partial retrohoming defects in these latter two
mutants are thus likely due to mechanisms other than associa-
tion with bRT. Collectively, these results show a strict cor-
respondence between the retrohoming activity of bAvd and its
interaction with bRT.
DISCUSSION
We determined the structure of bAvd to guide investigation of its
role in DGR retrohoming. The structure revealed a highly posi-
tively charged pentameric barrel with a central hourglass-
shaped pore. The multimeric nature of bAvd and its central
pore bring to mind ring-shaped DNA clamps, such as the
b subunit of E. coli DNA polymerase III and eukaryotic prolifer-
ating cell nuclear antigen (Kong et al., 1992; Krishna et al.,
1994). These DNA clamps are multimeric like bAvd and have
large central pores (35 A˚ diameter) that accommodate dsDNA
(diameter, 18 A˚). In contrast, the bAvd pore is constricted to
8 A˚ in diameter, although readjustment of Lys47 at the con-
striction could lead to a diameter of 15 A˚, a size sufficient to
accommodate ss nucleic acids. However, it seems unlikely
that the bAvd pore is functionally significant, as the residues
that line the pore are poorly conserved in the DGR Avd protein
family. Consistent with this, mutation of the pore residue Glu43
Figure 4. Patterns of Conservation
Residues conserved within the DGR Avd family mapped onto the surface of
bAvd (the color scale is given at the bottom). Only one of the protomers is
colored, the others are in yellow. The top panel shows the side of the barrel; the
middle panel shows the narrow end of the barrel; and the bottom panel shows
the wide end of the barrel.
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Structure 21, 26in bAvd had no effect on retrohoming. Thus, the hourglass-
shaped pore is more likely to be a structural rather than a func-
tional feature of the bAvd pentamer.
No catalytic sites were obvious in bAvd; instead, the structure
of bAvd is more compatible with a binding functionality. It is
not surprising, given its positive charge, that bAvd was found
to interact with nucleic acids. These interactions showed no
sequence specificity, and no discrimination between ssRNA
and ssDNA or between RNA:DNA heteroduplexes and DNA
homoduplexes. These results suggest that bAvd may associate
nonspecifically with nucleic acids, an activity for which there are
a number of precedents, including the bacterial HU (histone-like
protein from E. coli strain U93) and eukaryotic high-mobility-
group proteins (Koh et al., 2011; Paull et al., 1993). However,
these results do not rule out sequence-specific binding by
bAvd. It is possible that there are nucleic acid segments or
proteins not included in the binding assay that may endow
sequence specificity to bAvd. Further experiments are neces-
sary to determine the basis for the sequence specificity of
DGR retrohoming.
We also found that the coding sequence of bAvd has two
separate functions. This became apparent when a near-
complete deletion of avd in the avd-TR-brt operon was very
poorly complemented by avd in trans. By deleting smaller por-
tions of avd in the avd-TR-brt operon, we found that a construct
maintaining 200–300 bp of the 30 end of avd provided near-wild-
type levels of retrohoming. The lack of full complementation to
the wild-type level may have been due to differences in the
copy number of bAvd (i.e., wild-type has avd functionally ex-
pressed from both pMX-Km1 and pFHA-avd, while T + 300 has
avd functionally expressed only frompFHA-avd) or the possibility
that the biosynthesis of bAvd, TR, and bRT from the same RNA
transcript is preferred. Overall, these results suggest that a part
of the bAvd coding sequence forms a functional element of TR,
indicating a remarkable coevolution in avd of both trans-acting
protein encoding and cis-acting nucleic acid functions. Identifi-
cation of these separate functionsmade it possible for us to carry
out mutational analysis of bAvd with affecting TR.
This analysis consisted of alanine substitution mutagenesis of
bAvd residues that are both conserved within the DGR Avd
family and surface exposed. Two such residues, R79 and R83,
were identified as being essential to retrohoming, while substitu-
tions of other conserved, surface-exposed bAvd residues had
either no effect or only a partial effect on retrohoming. The
defects in retrohoming were attributable to function rather than
protein structure or stability, as shown by the identical CD
spectra of wild-type and retrohoming-defective bAvd mutant
proteins. Normal levels of adenine-specific mutagenesis were
found in the partially defective retrohoming mutants, suggesting
that bAvd is not crucial for mutagenesis. Significantly, we found
that R79 and R83were not only required for retrohoming but also
for interaction with bRT. In contrast, bAvd mutants that had full
or partial retrohoming activity maintained wild-type levels of
interaction with bRT. Collectively, these results show a strict
correspondence between retrohoming and bRT association,
indicating that the interaction between bAvd and bRT is both
specific and likely to be important for DGR retrohoming.
What might be the consequence of the interaction between
bAvd and bRT? One possibility is that bAvd affects the catalytic6–276, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 271
Figure 5. Functionally Significant bAvd Residues
(A) Kanamycin-resistance retrohoming assay. VR con-
taining aph30Ia deleted of its six C-terminal residues (kan)
is on a phage lysogen, and the TR containing the 30 end of
aph30Ia (kan30) on the pMX-Km1 plasmid. Functional
elements are as in Figure 1. Derivatives of pMX-Km1
containing only 30 portions of avd are indicated below the
schematic of the plasmid. The pFHA-avd plasmid, which
provides intact avd in trans, is on the top right. PFHA, the
Bordetella fhaB promoter; Ori, the origin of replication
sequence.
(B) Retrohoming frequency resulting from co-
transformation of pFHA-avd with pMX plasmids express-
ing intact avd (Km1), catalytically defective bRT (Km1RT),
or avd containing only 48 (Davd), 53 (T + 53), 76 (T + 76),
115 (T + 115), 200 (T + 200), or 300 (T + 300) bp of 30 end of
avd. Results are the average of two independent ex-
periments or four in the case of Km1 and Km1RT. Error
bars, SD.
(C) The top panel shows homing frequency resulting from
cotransformation of pMX-T+300 and pFHA-avd express-
ing wild-type bAvd (WT), no bAvd (bAvd), bAvd R19A,
P35A, R36A, K37A, E43A, Q64A, R79A, or R83A. Results
are the average of three independent experiments. Error
bars, SD. The bottom panel shows a western blot of bAvd
using antibodies that recognize a His-tag incorporated at
the C terminus of bAvd. R19A has a minor band of smaller
size, which could be a degradation product or caused by
internal translational initiation.
(D) CD spectra at 4C (black) and 37C (gray) of wild-type
bAvd (A), P35A (:), R36A (C), K37A (-), R79A (), and
R83A (+). Mean residue ellipticity (MRE) values were
measured from 195 nm to 250 nm.
See also Table S1.
Structure
Structure and Interaction of bAvdactivity of bRT. At present, the specific RNA onwhich bRT acts is
unknown. As our current work has shown, a functional TR may
include as much as 200–300 bp upstream of the TR, and prior272 Structure 21, 266–276, February 5, 2013 ª2013 Elsevier Ltd All rights reservedwork has suggested that a nearly equivalent
amount downstream may be required (Guo
et al., 2008). Furthermore, the nature of the
primer for RNA-dependent DNA polymerization
by bRT is similarly unknown. Thus, without
knowledge of the bona fide substrates for
bRT, we examined bRT catalytic activity with
artificial substrates: a poly(rA) template and an
oligo(dT) primer. This showed that bAvd did
not enhance the catalytic activity of bRT, and,
indeed, a slight decrease occurred, which was
probably due to competition by bAvd with bRT
for the template and primer (Figure S4B).
However, this result must be taken with caution,
as the effect of bAvd on bRT catalysis may differ
with the bona fide template and primer. Another
intriguing possibility is suggested by the pen-
tameric nature of bAvd. This may be involved
in organizing a multivalent assembly consisting
of bRT and nucleic acid components. We
imagine that such organization may be useful
in coordinating the multiple steps required for
retrohoming, from RNA-dependent DNA poly-
merization by bRT through incorporation ofreverse-transcribed and mutagenized DNA into the VR. Now
that our results have provided evidence for the importance of
the bRT-bAvd complex in DGR retrohoming, future experiments
Figure 6. Interactions of bAvd
(A) In the upper panel, ethidium bromide-stained EMSA of bAvd at varying concentrations (indicated above lanes asmicromolars of pentamer) was incubatedwith
0.5 mM of TR RNA (ssRNA), VR DNA (ssDNA), a heteroduplex of VR DNA and TR RNA (DNA:RNA), a homoduplex of VR DNA (dsDNA), and a homoduplex of a VR
DNA variant engineered to favor the formation of a hairpin/cruciform structure (cruci-DNA). In the lower panel, the same experiment was carried out with random
RNA and DNA sequences; in the case of the cruci-DNA, a nonfunctional loop sequence was used. Arrows indicate the positions of shifted bands.
(B) Association of wild-type and mutant bAvd with His-bRT D138Q, as detected by a Ni2+-NTA coprecipitation assay and visualized by Coomassie-stained
SDS-PAGE.
Bound fractions are shown here; see unbound fractions in Figure S4D.
See also Figure S4 and Table S2.
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Structure and Interaction of bAvdwill be aimed at understanding the physical and mechanistic
characteristics of this complex.EXPERIMENTAL PROCEDURES
bAvd Expression and Purification
The coding sequence of bAvd was amplified by PCR from Bordetella bacterio-
phage lysates and cloned into the pET28b expression vector (Novagen); the
construct included an N-terminal His-tag followed by a thrombin cleavage
site. Mutants of bAvd were created by the QuikChange method (Agilent).
The integrity of all constructs was verified by DNA sequencing.
bAvd was expressed from the pET28b vector in E. coli BL21 (DE3). Bacteria
were grown at 37C to an optical density 600 (OD600) of 0.6, at which point
expression of bAvd was induced by 1 mM isopropyl b-D-1-thiogalactopyrano-
side (IPTG). Bacteria were grown for a further 5 hr at 37C, harvested by
centrifugation (10 min, 5,790 3 g, 4C), resuspended in 50 ml/l of original
bacterial culture of lysis buffer (300 mM NaCl, 50 mM sodium phosphate
buffer [NaPi], pH 7.4). The lysis buffer was supplemented with EDTA-free
complete protease inhibitors (Roche) (one tablet per 50 ml of lysis buffer)
and 0.2 mg/ml lysozyme (Sigma). Resuspended bacteria were lysed by
passage three times through a high-pressure homogenizer (Emulsiflex-C5,
Avestin). The lysate was centrifuged (20 min, 14,400 3 g, 4C), and the pellet
fraction, which contained bAvd in inclusion bodies, was solubilized in dena-
turing buffer (8.0 M guanidine, 50 mM NaPi, pH 8.0, 0.1% b-mercaptoethanol
[bME]). Denatured bAvd was applied to a Ni2+-nitrilotriacetic (NTA) agarose
column (Sigma), which had been equilibrated with three column volumes of
denaturing buffer. The column was washed with three column volumes ofStructure 21, 26denaturing buffer, and bAvd was eluted with denaturing buffer in which the
pH was set to 4.5.
Refolding was carried out at 4C by diluting bAvd dripwise to 1 mM (mono-
mer concentration, determined using a calculated absorption coefficient at
280 nm, ε280, of 18,450 M
1cm1) in 300 mM NaCl, 10 mM NaPi, pH 8.0,
0.1% bME, and incubating for 1 hr. Refolded bAvd was applied to a Ni2+-
NTA agarose column equilibrated with NiC buffer (300 mM NaCl, 10 mM
NaPi, pH 7.4, 0.1% bME) containing 10 mM imidazole. The column was
washed with three column volumes of the same buffer, and bAvd was eluted
in NiC buffer containing 500 mM imidazole. The His-tag was removed from
bAvd by thrombin cleavage (1:50 thrombin:bAvd, molar) overnight at 4C in
NiC buffer containing 500 mM imidazole. bAvd was further purified by gel
filtration chromatography (Superdex 200) in 300 mM NaCl, 10 mM Tris, pH
8.0, 0.1% bME. bAvd was concentrated to 6 mg/ml in this same buffer and
flash frozen in liquid N2. Selenomethionine (SeMet)-labeled bAvd (SeMet-
bAvd) was prepared as previously described (Doublie´, 1997) and purified as
described earlier. Mutants of bAvd were expressed and purified as described
earlier.
Structure Determination
Crystals of SeMet-bAvd were grown at 25C in hanging drops with 1.2 ml of
bAvd (6 mg/ml) added to a precipitant solution consisting of 0.8 ml of 20%
polyethylene glycol (PEG) 3350, 0.2 M MgCl2, 0.1 M Bis-Tris, pH 6.0, and
0.5 ml/0.1 M BaCl2 , 2H2O; the well contained the precipitant solution lacking
BaCl2 , 2H2O. Crystals were cryoprotected in the precipitant solution supple-
mented with 20% glycerol. Inverse-beam, three-wavelength X-ray diffraction
data to a 2.69 A˚ resolution limit were collected at 100 K at beamline 5.0.2 of
the Advanced Light Source (Berkeley, CA, USA).6–276, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 273
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crystals had five bAvd molecules per asymmetric unit and a solvent content
of 49%. Phases were determined using the multiple wavelength anomalous
dispersion method with SOLVE (Terwilliger and Berendzen, 1999), which
identified 19 out of 25 possible SeMets in the asymmetric unit. Statistical
density modification and automated model building were carried out with
RESOLVE (Terwilliger, 2000, 2003). The automatically built model consisted
of 466 of the possible 610 residues of the bAvd pentamer, with side chains
modeled as alanines or glycines. The model was manually adjusted and
completed using Coot (Emsley and Cowtan, 2004).
Refinement of the model against the remote wavelength diffraction
data was carried out; a random 5% of the data was omitted from refine-
ment for determination of the free R factor (Rfree). Forty-five rounds of
maximum likelihood refinement were carried out using default parameters
in Phenix (Adams et al., 2010), with each round being followed by manual
model building and adjustment as guided by inspection of sA-weighted
2mFo-DFc and mFo-DFc difference maps using Coot. Each round of refine-
ment consisted of bulk solvent correction, followed by refinement of coordi-
nates, individual B factors, and occupancies. No NCS restraints were
applied, except in the final rounds, when 5-fold NCS restraints were applied
on residues 64–66. In the final model, continuous electron density for
the main chain was evident from residues 13–122 in chain A, 15–124 in
chain B, 14–124 in chain C (except for residue 88), 14–125 in chain D (except
for residues 90 and 91), and 14–123 in chain E (except for residues 89–91).
Sixty-one waters were modeled into R 3s sA-weighted mFo-DFc difference
electron density.
A phosphate ion wasmodeled into electron density within the pore andmost
proximal to E43. This electron density had a peak height of 8.3s. While no
phosphate was present in the crystallization solution, phosphate was present
during purification. Constituents of the crystallization solution either did not
account for the electron density (e.g., Mg2+, Ba2+) or were too large for the
electron density (e.g., glycerol, Bis-Tris, or the aforementioned ionswith bound
waters).
Structure validation was carried out with Molprobity (Chen et al., 2010). The
final map had a correlation coefficient of 0.95 as determined by Phenix.
Molecular figures were generated with PyMOL (http://www.pymol.org/).
Retrohoming Frequency
The B. bronchiseptica RB50/BPP-1DATR*KanS lysogen and plasmid pMX-
Km1 have been previously described (Guo et al., 2011). Plasmid pFHA-avd
contains the coding sequence of avd downstream of the Bordetella fhaB
promoter. It also carries an RSF1010 oriV replication origin and a gentamycin
resistance gene. The KanR-based BPP-1 DGR homing assay was performed
as previously described (Guo et al., 2011).
Western Blot
The KanR–based BPP-1 DGR homing assay was performed, with the following
modifications. An avd gene carrying a C-terminal His-tag was used in plasmid
pFHA-avd; the addition of the His-tag did not affect the function of bAvd, as
assessed by the retrohoming assay. After growth of bacteria at 37C for 6 hr
in Stainer Scholte (SS) medium (Stainer and Scholte, 1970) containing
20 mg/ml streptomycin, 25 mg/ml chloramphenicol, and 20 mg/ml gentamycin,
2 ml of 1.0 OD600 culture were harvested by centrifugation and the resulting
pellets were resuspended in 150 ml of SDS-PAGE buffer. Cells were lysed by
boiling, and 10 ml of the sample was resolved by SDS-PAGE. The gel was
blotted on to an Immobilon-PSQ membrane (Millipore Corporation), which
was blocked at room temperature for 30 min in 5% milk dissolved in
150 mM NaCl, 25 mM Tris, pH 7.4, and 0.1% Tween (TBST). The membrane
was then incubated with 0.1 mg/ml mouse monoclonal Penta-His antibody
(QIAGEN) in milk at 4C overnight with gentle shaking. The membrane was
subsequently washed four times (5 min each) at room temperature in TBST
and then incubated for 1 hr at room temperature with gentle shaking in
TBST containing 3.2 ng/ml of HRP-conjugated, stabilized goat antimouse
immunoglobulin G (IgG) (Thermo Fisher Scientific). The membrane was again
washed four times (5 min each) at room temperature in TBST. The ECL Plus
Western Detection System (GE Healthcare) was used for signal detection,
and the membrane was then exposed to CL-XPosure film (Thermo Fisher
Scientific).274 Structure 21, 266–276, February 5, 2013 ª2013 Elsevier Ltd All rRNA Synthesis and Purification
RNA was produced by in vitro transcription using T7 RNA polymerase. DNA
encoding the sequence of interest from the Bordetella bacteriophage DGR
was cloned into a pUC19 vector carrying a T7 polymerase promoter. The
sequence of interest was inserted downstream of the TATAGGG sequence
of the T7 RNApolymerase promoter, in which the first guanine of this sequence
marks the site of transcription initiation (Milligan et al., 1987). The vector was
linearized downstream of the insert by Hind III digestion for runoff transcription.
For production of random RNA, a pBluescript II KS + vector linearized by
digestion with EcoRI was used. Transcription reactions were performed
overnight at 37C using 25 mg/ml of linearized vector, 0.5 mM of each nucleo-
side triphosphate (Promega), and 1 mg/ml of T7 RNA polymerase in T7 buffer
(25 mM MgCl2, 5 mM dithiothreitol [DTT], 2 mM spermidine, 40 mM Tris, pH
7.5). The reaction was then treated with 20 U/ml of RNase-free DNase
(Promega) for 2 hr at 37C, followed by 0.5 mg/ml proteinase K for 1 hr at
37C. The reaction was extracted with an equal volume of phenol:chloroform:
isoamyl alcohol (25:24:1 v/v). Sodium acetate, pH 5.5, was added to the
aqueous phase to a final concentration of 0.3 M, after which 2.5 volumes of
100% ethanol were added. The sample was incubated at 80C for 30 min
and then precipitated by centrifugation (30 min, 15,800 3 g, 4C). The pellet,
which contained the RNA, was washed with 1 ml cold 70% ethanol, air dried
for 10 min at room temperature, and resolubilized in RNase-free sterile water.
The concentration of RNA samples was determined by absorption at 260 nm
(A260), and the purity of the samples by the A260:A280 ratio as well as by
ethidium bromide-stained agarose gels.
CD Spectra
CD spectra were collected for wild-type and mutant bAvd at 10 mM in 100 mM
NaF, 10 mM potassium phosphate buffer, pH 7.6, on an Aviv 202 CD spec-
trometer using a 1 mm pathlength cuvette (holding 350 ml) (Hellma). For each
sample, three independent spectra were recorded from 190 nm to 260 nm
at 4C and 37C. The scans were performed with 1 nm steps, and the CD
signal at each wavelength was averaged for 5 s.
bRT Expression and Purification
The coding sequence for bRT was cloned into a pET28b vector (Novagen) with
an N-terminal His-tag. E. coli BL21 (DE3) cells were transformed with this
vector, grown at 37C to an OD600 of 0.5, and then induced for expression
of bRT with 0.5 mM IPTG.
For preparation of wild-type and mutant bRT for enzymatic assays, bacteria
were grown at 18C overnight after induction, harvested by centrifugation
(20 min, 5,500 3 g, 4C), and resuspended in 8 ml/g of bacterial cell pellet of
bRT lysis buffer (500 mM NaCl, 50 mM NaPi, pH 7.5, 20% glycerol, and
5 mM bME). This buffer was supplemented with EDTA-free complete protease
inhibitors (one tablet per 50 ml of resuspended bacteria) and 20 mg/ml of
deoxyribonuclease I (Sigma). The cells were lysed on ice by sonication, and
the cell debris was removed by centrifugation (30 min, 31,000 3 g, 4C). All
of the following steps were carried out at 4C. The supernatant was applied
to a Ni2+-NTA column (Sigma; 1 ml of resin per 25 ml of bacterial lysate)
equilibrated with bRT lysis buffer. The resin was washed with 10 column
volumes of bRT lysis buffer supplemented with 50 mM imidazole. bRT was
eluted from the resin with 250 mM NaCl, 50 mM NaPi, pH 7.5, 500 mM
imidazole, 20% glycerol, and 5 mM DTT. The protein was used within the
next day for enzymatic assays.
For preparation of bRT D138Q for binding assays, bacteria were grown
for 18 hr at room temperature after induction, harvested by centrifugation
(10–20 min, 5,790 3 g, 4C), and resuspended in 30 ml/l of original bacterial
culture of 500 mM NaCl, 50 mM HEPES buffer, pH 7.5, 20% glycerol, 0.1%
bME. This buffer was supplemented with EDTA-free complete protease inhib-
itors (one tablet per 30 ml of bacterial lysate), 0.2 mg/ml lysozyme, and
20 mg/ml of deoxyribonuclease I (Sigma). Cells were lysed and centrifuged
as described for bAvd, and the supernatant of the lysate, which contained
bRT D138Q, was then applied to a Ni2+-NTA column (Sigma; 2 ml/l of original
bacterial culture), which had been equilibrated with buffer A (500 mM NaCl,
50 mM HEPES, pH 7.5, 20% glycerol, 0.1% bME). The resin was washed
with 10 volumes of buffer A, 10 volumes of buffer A containing 25 mM
imidazole, and then 10 volumes of buffer A alone. To eliminate nonspecific
nucleic acids bound to bRT D138Q, buffer A (1 ml/l of original bacterial culture)ights reserved
Structure
Structure and Interaction of bAvdcontaining 10 U of TURBO DNase (Ambion), 3 U of RiboShredder RNase
Blend (Epicenter), 60 mg/ml of deoxyribonuclease I, and 30 mg/ml ribonuclease
A (Sigma) was incubated with the Ni2+-NTA agarose resin at room temperature
for 1 hr; the resin was resuspended every 10 min during this time. The resin
was then washed with 10 volumes of buffer A followed by 10 volumes of
buffer A containing 25 mM imidazole, and bRT D138Q was eluted from
the resin with buffer A containing 500 mM imidazole. bRT D138Q was diluted
in buffer A to a final concentration of 1.5 mM and stored at 4C. The
concentration of bRT D138Q was determined using a calculated ε280 of
65,000 M1cm1.
Coprecipitation Assay
Twelve ml of 1.5 mM bRT D138Q was applied to 100 ml Ni2+-NTA agarose resin
that had been equilibrated with buffer A. Twenty ml of 60 mM bAvd (pentamer)
and 80 ml of buffer A were added to the Ni2+-NTA agarose resin, which was
incubated for 30 min at room temperature; the resin was resuspended every
5 min during this time. The resin was washed with 600 ml of buffer A containing
25 mM imidazole, and bound proteins were eluted with 600 ml of buffer A
containing 500 mM imidazole. Fractions were visualized by reducing
Coomassie-stained 15% SDS-PAGE.
Nucleic Acids
ssDNA oligonucleotides were purchased from Allele Biotechnology, purified
using phenol:chloroform extraction followed by ethanol precipitation as
described earlier, and resolubilized in water. dsDNA oligonucleotides were
made by heating complementary ssDNA oligonucleotides at 100C for 3 min
and then cooling to room temperature (Bernstein and Keck, 2005). RNA:DNA
heteroduplexes were made by heating complementary ssDNA oligonucleo-
tides with ssRNA oligonucleotides, which had been synthesized by in vitro
transcription as described earlier, at 80C for 2 min and then cooling to
room temperature. The sequences of the oligonucleotides used in the binding
studies are listed in Table S2.
Electromobility Shift Assay
Varying concentrations of bAvd were incubated for 20 min at room tempera-
ture with 0.5 mM oligonucleotides in 20 ml of EMSA buffer (300 mM NaCl,
20 mM Bis-Tris, pH 6.5, 20 mM MgCl2, 10% glycerol, 0.1% Tween 20,
1 mM DTT). Samples were then subjected to electrophoresis at 40 V for
150 min on a 5% native polyacrylamide (37.5:1 acrylamide/bisacrylamide)
gel containing 5% glycerol and 13 Tris-Borate buffer. Gels were stained
with ethidium bromide for 15 min and then visualized under UV light using
the Gel Logic 200 imaging system (Kodak).
RT Assay
Reactions were carried out in a 10 ml reaction volume with and without
1.3 mM bAvd pentamer, bRT (wild-type or mutant, 3–4 mM), 1 mg of primer
(18-mer oligo-dT; New England Biolabs), 1 mg of template [poly(rA); Sigma],
and a mixture of 2 mg of RNase A and 5 U RNase T1 (Fermentas) in 75 mM
KCl, 3 mM MgCl2, 50 mM Tris, pH 8.0, and 10 mM DTT. The quantity of
bRT was determined by densitometry using ImageJ (http://rsb.info.nih.
gov/ij) of SDS-PAGE gels that contained bRT and known quantities of
bovine serum albumin. The reaction was initiated by adding 10 mCi of
a-32P-dTTP (3,000 Ci/mmol; Perkin Elmer), and the reaction mixture was
incubated at 37C for 15 min. The reaction mixture was spotted on
a DE81 Whatman filter disc, which was air dried and then washed four times
for 10 min each time with 23 saline-sodium citrate buffer. The washed filter
discs were placed in 4 ml of scintillation liquid (RPI Biosafe II mixture), and
scintillation counts were measured using a Beckman Coulter LS6500 scintil-
lation counter. A blank measurement, which was taken from a sample con-
taining all the reagents except for bRT, was subtracted from each of the
samples. Each measurement was made in duplicate, and the experiment
was carried out two to three independent times with different batches
of bRT.
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